ABSTRACT Tachycardia produces subendocardial ischemia and ST segment abnormalities after coronary obstruction. To determine whether a quantitative relationship exists between these ST shifts and transmural blood flow, 19 dogs were studied. Coronary obstruction was produced by ameroid constriction of the left circumflex artery, and tachycardia was generated by atrial pacing at 90 to 210 beats/min. ST shifts were studied by body surface isopotential mapping with an 84-electrode torso grid, and blood flow was quantitated by serial radiolabeled microsphere injections. Although shifts in myocardial blood flow during tachycardia have been documented in animal347' as well as in clinical9 investigations, the quantitative relationship between the flow and the electrocardiographic
abnormalities has not been determined. Thus the detection of abnormal ST segment responses can only be qualitatively related to the presumed flow maldistribution. In this study we have used an animal preparation in which clinical electrocardiographic changes can be reproduced'0 to determine whether a quantitative relationship between these two sets of variables exists. We asked two specific questions. First, is there a specific degree of transmural redistribution of flow that is required to produce electrocardiographic abnormalities? Second, in the presence of ischemia, is there a direct correlation between the magnitude of the flow redistribution and of the repolarization abnormality? Experimental protocol. Three weeks after surgery, when all animals were ambulatory and well, electrocardiographic and regional myocardial blood flow data were recorded. First, animals were sedated with Innovar-Vet (20 mg of fentanyl and 0.4 mg of droperidol per milliliter). Second, lead wires and the left atrial catheter were exteriorized. Third, a large bore catheter was placed into a femoral artery and advanced into the abdominal aorta for withdrawal of arterial blood. Fourth, 84 chloridized silver electrodes were secured to the animal's shaven chest, in 14 columns of six electrodes each. Two-thirds of these were placed on the anterior and one-third on the posterior aspects of the chest, extending from the level of the clavicles to below the rib margins. Additional 13 The endocardial-to-epicardial (endo/epi) flow ratio in each slice was calculated as the ratio of the flow in the endocardial third to that in the epicardial third. Values from each of the two slices studied for each heart were then averaged: in no case did the two values differ by more than 10%.
Electrocardiographic recordings. Electrocardiographic data were processed as previously described. 10 First, six to 10 PQRST waveforms in each lead with stable baselines and with similar morphologies, as determined by an automated autocorrelation routine, 4 were averaged to reduce random noise. Next, onsets and offsets of the P wave, the QRS complex, and the T wave were selected manually from plots of three relatively orthogonal leads. A 10 msec period of the terminal PR segment was selected and averaged for use as a zero potential baseline.
Finally, body surface isopotential distributions were constructed from potentials recorded at 4 msec intervals during the ST segment. Isopotential maps were drawn connecting points at equal potential relative to the instantaneous Wilson central terminal voltage. At high pacing rates the stimulus artifact of one cycle was superimposed on the ST-T wave of the preceding waveform; only portions of the ST segment before this overlap were evaluated.
Isopotential "difference" maps were also drawn. We constructed these by subtracting voltages recorded at each torso site during sinus rhythm from those at the same site at each pacing rate. The resultant distribution corrected for differences in control patterns and, in effect, depicted the electrical field "generated" by the intervention, i.e., atrial pacing.
Data analysis and statistics. Body surface isopotential distributions at each pacing rate were classified as representing a normal or an ischemic pattern, based on previously reported criteria. ' One example of this assignment is shown in figure 1 . During sinus rhythm, at a rate of 74 beats/min, the pattern 40 msec (figure 1, A) into the ST segment is dominated by an anterior maximum (167 btV) surrounded by lateral and posterior negativity. When rate was increased by atrial pacing to 150 beats/min (figure 1, B), the overall pattern remained like that at rest, while the magnitudes of both extrema increased progressively. This pattern was observed in all control animals at rates up to 210 beats/min and in dogs with ameroid constrictors at lower pacing rates.
At rates of 170 beats/min and higher, isopotential patterns (figure 1, C and D) in dogs with ameroid constriction demonstrated new and abnormal negative voltages over the anterior caudal torso. These potentials correspond to ST segment depression in scalar recordings from unipolar leads in this region and are considered to represent tachycardia-induced subendocardial ischemia.f
Maps from all data sets with features like those of figure 1, A and B, were classified as normal. Those similar to the maps in figure 1, C and D, were categorized as ischemic. This classification was performed during review of isopotential distributions in a random sequence, without knowledge of the pacing rate or coronary artery status. This type of classification scheme based on spatial patterns obviates the effects of lead axis and time dependency'5 as well as torso size and shape, etc., which would confound detection of abnormalities based on discrete quantitative levels.
All data are presented as mean + 1 SD. Descriptive statistics of and correlations between electrocardiographic and blood flow variables were computed by standard automated statistical methods,'6 relying on a 1% level of statistical significance.
Factors that were significant and independent predictors of an abnormal electrocardiographic pattern were determined using a stepwise logistic regression analysis.`6 The coded isopotential map pattern was entered as the dependent variable, and the endo/epi flow ratio, heart rate, and percentage of the left ventricle perfused by the circumflex artery were independent variables. The latter factors were added to (p < .10) or deleted from (p > .15) the regression model in a stepwise manner based on an iterative maximum likelihood ratio method. After determination of the optimal set of independent variables, all cases were assigned to normal or abnormal groups based on the calculated logistic function with a jackknifed classification scheme.
Results
Myocardial blood flow. In the five control dogs of group A, pacing to rates of 210 beats/min did not significantly alter the transmural distribution of myocardial blood flow. The endo/epi flow ratios in the circumflex bed equaled 1.18 11 animals, the ischemic pattern was as depicted in figure 1 and was consistent as previously reported17; potential magnitudes varied but overall topography did not vary from animal to animal.
Isopotential patterns 20 and 40 msec into the ST segment (measured from QRS offset) were examined; in each case, the classification at each instant was the same. Therefore data recorded 40 msec into the ST segment were used for further analysis.
Electrocardiographic flow correlations. The major goal of this study was to relate the electrocardiographic changes described above to the concomitant regional blood flow alterations. A total of 67 data sets with adequate electrocardiographic and flow measurements were studied; three others were rejected because of absence of an identifiable ST segment without pacemaker artifact or P wave superposition. First, we compared flow ratios associated with normal and with ischemic electrocardiographic responses. The range of endo/epi flow ratios from data sets of normal and of ischemic responses are depicted in figure 3 A plot showing the probability of observing a normal electrocardiographic pattern (y-axis) with endo/epi ratios of 0.0 to 1.0 (x-axis) is shown in figure 4 . This relationship was derived from the computed logistic regression equation tabulated in the figure. As can readily be seen, a sharp demarcation between near zero and near unity probabilities occurred at endo/epi ratios of 0.57 and 0.70. An equal likelihood of a normal and an ischemic response was observed at an endo/epi ratio of 0. (1) Although this collateral recruitment and/or growth maintains flow and function at rest, hypoperfusion and myocardial dysfunction occur with metabolic stress. Whereas in normal dogs, tachycardia produces a homogeneous increase in coronary blood flow,4 in animals with coronary obstruction significant endocardial underperfusion results.4 8.20 In our studies, endo/epi flow ratios in the circumflex bed decreased from over unity to 0.41 to 0. 18 in 1 Subendocardial ischemia, such as produced by pacing in this ameroid constrictor preparation, produces ST segment depression in epicardial and body surface electrocardiograms.6 Such shifts reflect reversal of the normal transmural gradient of ventricular recovery times caused by subendocardial ischemia.5
Previous studies from this laboratory have sought to define the variables governing the body surface expression of this electrophysiologic effect. We have demonstrated that the development and torso distribution of ST depression is dependent on location of the lesion'7 and on the ventricular activation sequence."
Electrocardiographic-flow correlations. The current study was undertaken to expand these prior efforts by correlating the observed electrocardiographic responses with the presence and extent of flow redistribution caused by tachycardia. Studies after acute coronary obstruction have demonstrated that ST segment elevation occurs only after at least a 50% reduction in flow21' 22 and that a general correlation exists between the magnitude of the flow deprivation and intramyocardial gas tensions and the ST response, although wide scatter is seen.2326 A similar relationship between flow and epicardial/endocardial electrograms was reported by Ruffy et al. 27 In contrast to these studies of supply-side ischemia, CIRCULATION MIRVIS et al. Second, the intensity of the ST shift directly correlated with the magnitude of the ischemic response as measured by the transmural flow ratio. Here also, lesion size was not correlated with the quantitated repolarization abnormality.
That intensity of ischemia should be a major determinant of ST shift may be anticipated from the solid angle theorem33 as well as from equivalent generator models.34 Both formulations permit quantitation of electrical potential at a point in or on the surface of a volume conductor as the product of two terms -one defining the geometry of the electromotively active surface and one reflecting the intensity of current flux across its boundaries. The former may be termed spatial and the latter nonspatial variables.
Data in figure 5 emphasize the importance of the nonspatial, intensity-related factors in generating ST segment depression. The magnitude of the repolarization abnormality increased as the endo/epi flow ratio decreased, reflecting the intensity of ischemia. The lack of correlation of the ST 
